The Mechanism of the Action of Uricase BY RONALD BENTLEY* AND A. NEUBERGER National In8titute for Medical Research, Mill Hill, London, N. W. 7 (Received 23 May 1952) The enzyme uricase was considered formerly to oxidize uric acid with quantitative formation of allantoin, carbon dioxide and hydrogen peroxide (Wiechowski, 1907; Batelli & Stern, 1909; Keilin & Hartree, 1936a; Holmberg, 1939; Davidson, 1942) However, it' was shown by Felix, Scheel & Schuler (1929) that under some conditions oxygen uptake was more rapid than carbon dioxide production, and Schuler (1932) found that at pH 8-9 the yield of carbon dioxide was only 17 8% of that expected from the oxygen consumption. These findings suggested that the first product of the enzymic oxidation was not allantoin, and the pH changes during oxidation indicated that the primary product was a substance ofgreater acid strength than uric acid. Indications of the structure of this first product were obtained in experiments in which uric acid was oxidized with permanganate. Fischer & Ach (1899) had found that oxidation of 1-methyland of 7-methyl-uric acid yields the same product, 3-methylallantoin, whilst 3-methyl-and 9-methyluric acid give 1-methylallantoin. Behrend (1904) pointed out that these findings can be explained by assuming that the first product of oxidation of uric acid by permanganate is a symmetrical compound, and he suggested that it possessed the structure I. This substance which Behrend was not able to isolate was named hydroxyacetylene diurein carboxylic acid (HDC).* Later, Schuler & Reindel (1932) obtained HDC, in the form of a trisilver salt, by chemical oxidation of uric acid; these authors also observed that the free acid was unstable and wa-s rapidly converted to allantoin and carbon dioxide. Finally, Schuler & Reindel (1933) (Brown, Roll & Cavalieri., 1947; Cavalieri & Brown, 1948) .
In the work reported in this paper, the action of uricase ha-s been studied in solutions containing H2180 (gas phase 1602) and with systems in which 1802 was present in the ga-s phase. Further, * As pointed out to us by Dr R. S. Cahn, HDC should be called 5-hydroxy-3:7-diketo-2:4:6:8-tetra-azabicyclo [3:3:0] octane-l-carboxylic acid. uric acid has been synthesized and used to study the source of the carbon dioxide evolved in the enzymic reaction. EXPERIMENTAL Material8 Uricase. Two preparations were usedin these experiments: (a) a preparation made from pig-liver powderas described by Davidson. (1942) (Traube, 1923) and the conversion of the latter by successive nitrosation and reduction to [4-1"C]5:6-diaminouradil (IV) (Traube, 1900) . The experimental procedure actually used was the simplified method of Bogert & Davidson (1933) . The diamino compound (IV) was condensed with urea (Johnson & Johns, 1914) Bogert & Davidson (1933) .
Yield was 8 g.
[4-14C]5:6-Diaminouracil (4 g.) and urea (4 g.) were intimately mixed by grinding in a mortar and the mixture heated at 160°(bath temperature) for 1 hr. The mixture, which first liquefied and then solidified again, was dissolved in 0-5N-KOH and the filtered solution acidified with conc. HCI. The amorphous and impure uric acid was filtered off and redissolved in 0-5N-piperidine. An excess of solid NH4Cl was added and ammoninm urate filtered off after standing at 20 for 24 hr. The salt was converted to uric acid by digestion with 2N-HCI at 700. Analysis indicated that this material was still somewhat impure. It was therefore dissolvedinconc.H2SO4andthesolutionfilteredthrough 
Isotope experiments
Reactions using isotopic oxygen were carried out in a closed system consisting of a 50 and a 25ml. flask (bothwith B 19 ground-glass joints), connected by a suitable adaptor; this adaptor carried a vacuum stopcock through which the apparatus could be evacuated.
Reaction in 1802. A sample of the enzyme prepared according to Davidson (1942) (10 ml. in 0-1 m-borate, pH 10) was pipetted into the 25 ml. flask; the larger flask contained 0 2M-borate (pH 10; 5 ml.) and a solution of uric acid in LiOH, prepared as described by Davidson (20 ml. containing 0-11 g. uric acid). The ground joints and stopcock were well greased and the contents of the flasks frozen in an ethanol-CO2 bath. The system was evacuated, the stopcock closed, and the solutions allowed to thaw and de-gas. After freezing again, evacuation was completed. The reaction system was attached to an electrolysis apparatus in which 1802 was generated. The liquids were kept frozen during the electrolysis which was continued until approximately 15 ml. of 1802 (at N.T.P.) had been liberated.
The stopcock was closed, the reaction system detached from the vacuum line and the contents of the flasks thawed and mixed. The apparatus was shaken gently for 1 hr. in a bath at 370, the flasks being submerged. The liquid was then all collected in the large flask and frozen in ethanol-CO2. The residual gas was examined in the mass spectrometer. It contained only a trace of CO2. Oxygen was plentiful and had atom % excess 180 =0-584. Air was admitted, a second 25 ml. flask containing catalase solution (0-5 ml.) was attached and the H202 formed in the reaction was decomposed in vacuo using the technique previously described (Bentley & Neuberger, 1949) . The oxygen produced had atom % excess 180 =0-571.
The system was again brought to atmospheric pressure and a flask containing conc. H2SO4 was attached. The solutions were mixed in vacuo inthe usual way: an abundant amount of CO2 was produced which did not contain any excess 180 above normal.
Reaction in H2180. Uricase solution ('Davidson', 20 ml.) was treated with an equal volume of ice-cold, saturated (NH4)2SO4. The precipitate was centrifuged in the highspeed centrifuge at 00 and redissolved in H2180 (4 ml., atom % excess = 1-20). To this solution were added Na2B407. 1OH20 (300 mg.), uric acid (50 mg.) andLiOH . H20 (12-5 mg.). The mixture was shaken in a bath at 380 for 3 hr.
(atmosphere of normal 02). The 02 uptake was approximately 5 ml. at N.T.P. The contents of the flask were then decomposed successively with catalase and conc. H2SO4 as previously described. 02 from catalase decomposition:
0-000 atom % excess 180. CO2 from H2SO4 decomposition:
1-18 atom % excess 180.
To check whether CO2 would exchange under these experimental conditions, uric acid (25 mg.), LiOH. H20 (6-5 mg.), Na2B407 -1OH20 (150 mg.), and NaHCO2 (5 mg.) in H2180 (2 ml., atom % excess= 1-20) were shaken under the same conditions. The CO2 obtained after treatment with conc. H2SO4 had 1-13 atom % excess 180.
Experiment with [6-14C] uric acid. Uricase solution ('Leone's preparation', 23 ml.) was dialysed overnight against tap water at 00 and then against fresh distilled water at 00 for 2 hr. Na2B407 1OH20 (0-95 g.) was added to the dialysed enzyme solution, followed by a solution of [6-14C] uric acid (75 mg., 1-64 x 10-3,uc./m-mole) and LiOH . H20 (20 mg.) in boiled-out water (5 ml.). The mixture was shaken for 2 hr. at 380 in an 02 atmosphere. Conc. H2SO4 (3 ml.) was then run into the flask and the solution aspirated in a stream of C02-free N2. CO2 in the emergent gas was precipitated as BaCO2; two successive precipitates were collected. They were centrifuged, washed with boiledout distilled water and ethanol, and dried in vacuo over P208 . For counting, they were resuspended in absolute ethanol and filtered using the apparatus and perforated disks described by Popjik (1950) . Sample A (2-5 mg.) contained 1-34 x 10-3,c./m-mole; sample B (7-4 mg.) contained 1-28 x 10-32 c./m-mole (both values are corrected to infinite thickness).
DISCUSSION
The experiments with labelled gaseous oxygen and oxygen-labelled water prove conclusively that uricase catalyses the transfer of hydrogen, or more probably of electrons, from uric acid to the oxygen of the gas phase. The prosthetic group of uricase is not known, but the general mechanism of the action of this enzyme resembles that of the flavin enzyme, notatin, which has been the subject of an earlier communication (Bentley & Neuberger, 1949) . Electron transfer may occur in two distinct steps as has been postulated for all biological oxidations by Michaelis (1946) . If this is the case, the electron acceptor 02 is converted in the first step into the free radical O2 or, ifa proton istakenupat the same time, into the free radical HO2. In the second step these radicals will be converted into hydrogen peroxide or one of its ions, HO-or 02'.
The finding that the carbon dioxide which arises in the oxidation of uric acid by uricase is derived from the carbon atom in position 6 of the uric acid molecule is not unexpected and does not by itself indicate how allantoin is formed from the primary oxidation product. However, the results obtained in the present work, together with the many observations made by other workers, suggest a probable mechanism for this rather complex reaction. Owing to the exchange reaction between carbon dioxide anid water which took place under the experimental conditions, it was impossible to determine the source of the oxygen atoms of carbon dioxide.
Uric acid is a dibasic acid with pK1 5-4 and pK2 10-6 (Johnson, 1952 ) and the actual substrate of uricase is therefore almost certainly either the mono-anion or, in view of the rather alkaline pH optimum (9.25; Keilin & Hartree, 1936a ) of the enzyme, the di-anion. Which of the four hydrogen atoms of uric acid dissociate as protons in the first and second steps of the ionization is not certain; but Biltz & Herrmann (1921) deduced from a comparison of the ionization constants of various methyluric acids, that the imino-hydrogen atom in position 3 was the most acidic and that the hydrogen in position 9 had a slightly weaker tendency to dissociate. Later, Biltz (1936a, b) suggested that the order of acidities of the hydrogen atoms was 9 > 3 > 7 > 1. Thus the mono-anion may be represented by one of the tautomeric formulae V or VI:
For each tautomeric form there are several resonance structures, some of which are derived from, similar structures of the undissociated uric acid molecule. Resonance in the ion, however, is greater than in the acid, and the negative charge in the former is not localized on the nitrogen atom, but will be spread over adjacent carbon and oxygen atoms. One set of structures which is likely to make an important contribution contains the negative charge on the carbon atom in position 5; these structures, one of which is shown (VII), will be favoured by the polar character of the adjacent amide bond in positions 7 and 8
l~~+ (-NH-C=O +-+-NH=C-O).
It is suggested that the actual substrate of uricase is a mono-anion represented largely by a structure such as VII or a di-anion carrying a second charge in another unspecified position. In a carbonium ion such as VIII carbon atom 5 is strongly electrophilic and will have a tendency to interact with the nitrogen atom in position 1 which is the only nucleophilic centre with which, for geometrical reasons, a bond can be formed. The resulting structure IX is unstable, largely owing to strain of the three-membered ring, and reaction with a hydroxyl ion will give X. Rearrangements involving intermediate formation of carbonium ions are common in organic chemistry, but a particularly close analogy to the proposed series of reactions is afforded by the rearrangements of bicyclic ac-amino ketones during Clemmensen reduction (Leonard & Wildman, 1949; Leonard & Ruyle, 1949) . In these reactions a bond between a positively charged carbon and a tertiary nitrogen atom is formed, resulting in a transformation of a system containing two fused six-membered rings to one containing a five-and a seven-membered ring. The acid X, which may be the primary product of Praetorius (1948) , is likely to have some aromatic character owing to the presence ofa double bond and the resonance of the amide bonds, and thus will show absorption of light in the ultraviolet range. Although the compound X is not symmetrical, the double bond is likely to shift readily to the other ring since the adjacent imino-hydrogen atom will be very mobile. It is further suggested that compound X may be transformed in three ways. It may give rise, by opening of one ring, addition of the elements of water, and loss of carbon dioxide, to allantoin, possibly involving another unstable intermediate; both rings may be opened with the addition of the elements of two water molecules giving uroxanic acid (II), or hydration may occur at the 3:4 double bond to give the symmetrical HDC (I).
This sequence of reactions explains satisfactorily most ofthe findings of other workers and is in accord with the results presented here. In the first place it is reasonable to assume that an enzyme catalyses one step in a reaction; the results obtained with 180 clearly indicate that this step is a transfer of two electrons and this must yield a carbonium ion, if the mono-anion is the substrate, or a dipolar molecule of similar structure, if the di-anion were the substrate. The rearrangement of a six-or a five-membered ring invokes a mechanism accepted in the theory of organic reactions. The results of Felix et al. (1929) and those of Schuler (1932) , Klemperer (1945) and Praetorius (1948) clearly indicate that the first product of uricase oxidation is not allantoin, but a compound still containing the same number of carbon atoms as uric acid. That this product is not HDC is suggested by the ultraviolet absorption data of Praetorius (1948) and also by the fact that this unstable product yields allantoin apparently more readily than HDC. It is therefore suggested that this substance has the structure X and that it can be converted to allantoin without prelirninary hydration to HDC. The tautomeric shift of the double bond mentioned above explains the finding of Brown et al. (1947) that on feeding [1:3-16N] uric acid to rats, the urinary allantoin is uniformly labelled both in the hydantoin and urea moieties; presumably the only reaction involved in this in vivo experiment was oxidation by uricase. An analogous mechanism involving X would also explain the similar uniform isotope distribution in allantoin obtained by the alkaline oxidation of [1:3-15N] uric acid (Cavalieri & Brown, 1948) .
The concept that the primary product of oxidation has a carbonium ion structure is likely to apply to many or most biologiclI oxidations. In the special case of the oxidation of the urate ion by uricase the reaction is not complicated by the presence of a hydrogen atom on the reactive carbon centre; oxidation simply consists of a transfer of electrons. In most oxidations this electron transfer is accompanied by a proton transfer; thus the oxidation of an aldehyde to the corresponding acid may be written thus:
RCHO -+ RC+-=O + H+ + 2c-, Payne, Campbell & White (1952) have recently described their method for the quantitative combustion of 500-600 mg. samples of tritiated metabolites. This scale is dictated by the method they prescribe for the determination of tritium, namely the reaction of 100-200 mg. ofwater with aluminium carbide and the counting of the tritiomethane so produced in a proportional gas counter. As it is not always easy or even possible to isolate as much as 0-5 g. of a particular metabolite other workers may be interested to know that there was recently published (Glascock, 1951a, b) a method for determining tritium on the 5-10 mg. scale. Sufficient water for the determination of tritium by this method and sufficient carbon dioxide for the determination of both 13C and 14C are produced by the quantitative combustion of about 10 mg. of most organic substances. A method for doing this has been in routine use in this laboratory for the past two and a half years, and a description of it now seems appropriate in view of the communication by Payne et al. (1952) . It is very much easier to burn 10 mg. quantitatively than 0-5 g. and thus obtain from 10 to 20 ml. of carbon dioxide. This is usually more than enough for the gas counting of several samples by the method of Brown & Miller (1947) and a few ml. can readily be spared for the mass spectrometer if 13C is to be determined also. Then, if the compound is one which yields relatively little carbon dioxide, either a rather larger sample is burnt or the dose of 14C is adjusted in advance so that smaller samples can be counted, thus leaving more for the spectrometer. The water produced usually amounts to about 10 mg. and it is treated with an excess of n-butyl magnesium bromide in a previously prepared 'Grignard tube' to yield n-tritiobutane almost quantitatively (Glascock, 1951a, b) . If, for some reason, tritiomethane were preferred it could probably be prepared on this scale by using the appropriate Grignard reagent but butane has several important advantages. Firstly, it is an excellent counter gas and can be counted with high efficiency in the Geiger region of a suitable gas counter; hence the additional electronic equipment required for proportional counting as used by Payne et al. is unnecessary. Secondly, unlike methane,
